Noncoding sequences regulate the function of mRNA and DNA. In animal mRNAs, iron responsive elements (IREs) regulate the synthesis of proteins for iron storage, uptake and red cell heme formation. Folding of the IRE was indicated previously by reactivity with chemical and enzymatic probes.
INTRODUCTION
Present understanding of RNA folding motifs is incomplete because knowledge of three-dimensional structures of RNAs is limited (I). However, structural analysis of different motifs of RNA by heteronuclear multidimensional NMR spectroscopy ( I3 C and/or l5 N-labeled RNA) is increasing rapidly (2-4). Folding of RNA secondary structure, known in group I introns /ribozymes (5, 6) , HIV (TAR) (7) (8) (9) , t-RNA (10, 11) and rRNA (sarcin/ricin loop) (12) , appears to yield highly specific, threedimensional structures stabilized by backbone and side chain interactions, much like proteins. The specific shape produced by RNA folding will contribute to the recognition between RNA and proteins, e.g. HIV-TAR/Tat (9), rRNA and elongation factors (12) as well as between RNA and RNA, exemplified by self-splicing introns (5, 6) . However, even before three-dimensional structures can be generated from a complete set of proton-proton internuclear distance restraints, it is possible to use other NMR parameters, such as chemical shifts, temperature studies, steady state NOE and relaxation parameters to generate useful insights about the structure and dynamics of nucleic acid fragments of interest (see e.g. references [13] [14] [15] .
The iron responsive element (IRE) family is the best characterized group of eukaryotic mRNA regulatory elements and is one of the longest conserved RNA sequences known (n = 28-30) (16, 17) . The secondary structure is a hairpin loop with an internal loop or bulge. A folded IRE structure has been indicated by comparing wild-type ferritin mRNA to RNA with altered IRE sequences, using classical protein nucleases, an alkylating reagent and shape selective transition metal complexes as probes of structure (18) (19) (20) ; interactions as far away as 20 nucleotides upstream from the IRE have been observed (20) . The results have been related to mRNA function measured as ferritin synthesis in vitro (20) (21) .
Among members of the IRE family, the ferritin IRE is a particularly attractive sequence to examine because it is distinct among IREs in encoding both positive and negative translational control (enhancement or diminution of protein synthesis, depending on the proteins bound) (21, (23) (24) (25) , because the ferritin IRE sequence allows quantitatively greater negative regulatory effects than other IREs (22) , and because extensive studies of ferritin mRNA, both in vitro and in vivo, provide a useful base of information about function (16, 17, (22) (23) (24) (25) (26) (27) (28) (29) . We now report basic ! H-and 31 P-NMR experiments with wild-type ferritin IRE and, by comparison to an IRE with a hairpin loop mutation, show the importance of G18 in hairpin hexaloop for stabilizing the IRE structure. Substitution of G18 with A18, previously shown to prevent recognition by the IRP protein (18, 21) , greatly decreased the temperature stability, and changed the backbone conformation, suggesting a structural basis for the loss of function in the mutant.
* To whom correspondence should be addressed ppra Figure 1 . The ferritin IRE predicted secondary structure and 'H NMR spectrum. The IRE predicted secondary structure of the wild-type and GI8A mutant IREs superimposed on the exchangeable and part of nonexchangeable proton NMR spectrum of 30mer IRE wild-type sequence; only the H6/H2/H5/H1' region of the nonexchangeable proton spectrum is shown.
MATERIALS AND METHODS

RNA design
NMR spectra were collected for two oligoribonucleotides (n = 30) one of which had the wild type ferritin IRE sequence and the other of which had an identical sequence except for a change in the terminal hexaloop from CAGUGU to CAGUAU; sequences of similar size have been shown to form an IRP-protein binding site (16) (17) (18) 29) . ' H spectra were also collected for a 16mer with the wild-type sequence/hairpin loop and upper stem, but the peaks were broad. G18A was selected for the base substitution for five reasons: (1) the site had aberrant chemical/enzymatic reactivity even in full-length mRNA (18, 19) ; (2) the mutation eliminated negative but not positive translational control (21); (3) the mutation occurred spontaneously in nature in a pseudogene (a genomic, full-length, ferritin cDNA) (27) ; (4) the site is crosslinked to the IRP by UV 30 ; and (5) the predicted secondary structure of the IRE (Figure 1) was not changed by the G18A substitution. Note that G18 in the 30mer, corresponds to G16 in the generic/consensus IRE numbering scheme, since some members of the IRE family have only 28 conserved nucleotides (16, 17) .
RNA synthesis
RNA was synthesized, as previously described (18), using a DNA template which contained the complement of the desired sequence next to the T7 RNA polymerase promoter (n = 17); 150 ml reaction mixtures were used with T7 RNA polymerase and 4 mM nucleotide triphosphates as substrates. T7 RNA polymerase was purified from E.coli strains, kindly provided by W. Studier, containing the cloned gene under the control of the lac operator; expression and purification of the RNA polymerase followed the procedure described in reference 31. RNA transcribed in vitro was purified, after alcohol precipitation by electrophoresis in ureaacrylamide gels, followed by gel filtration (Sephadex G-25) and extensive dialysis against water. Sequence of the RNA was confirmed by analyzing digests of 32 P-end labelled oligomer with RNAase U2, A, Phy M and Ti under denaturing conditions. The reactivity of the wild-type 30mer, probed with V| and S] nucleases and 1,10-phenanthroline-Cu under native conditions, was comparable to the reactivity of the IRE in full length ferritin mRNAs.
Two types of IRE 30mers were prepared. These sequences were a wild-type and a hairpin loop mutant (A substituted for G), which corresponded to the hairpin loop, internal loop and upper and lower stem of the IRE (Figure 1) . NMR (1.5-2 mg) quantities of the pure sample of the 30mer IRE sequence of ferritin mRNA, were dialyzed against water, lyophilized and dissolved in 10 mM phosphate buffer pH 6.9,0.1 mM EDTA 90% H 2 O/10% D 2 O, the final concentration of mRNA was 0.3 mM. For further NMR studies, samples were concentrated by vacuum and exchanged twice with D2O. NMR sample homogeneity is illustrated in Figure 1 . The IRE is 97% conserved among ferritin mRNAs; the bullfrog red cell sequence was selected because previous studies had shown that the translational regulation observed in vivo (26) could be reproduced in vitro with both natural polyA + RNA (24, 25, 28) and capped in vitro transcripts (20, 21, 28) . In addition, a synthetic oligoribonucleotide with the IRE sequence of the bullfrog red cell H-subunit ferritin has been shown to bind the regulator protein (IRP) similarly to natural ferritin mRNA (18) and to have a similar structure as natural ferritin mRNA as probed with protein nucleases and transition metal complexes (18, 19) .
Absorbance (thermal denaturation) analysis and circular dichroism measurements (CD)
Thermal denaturation profiles were obtained using a Gilford Response System spectrometer controlled by the associated Response II Thermal Programming software. Profiles were measured in duplicate at 260 nm on three RNA samples for the wild-type IRE and on two samples for the mutant G18A; the concentration of mRNA was 10 U.M. Melting curves of IRE 30mers with the wild-type and G18A mutant sequences were obtained over a lOOx concentration range in 0.1 M potassium phosphate, pH = 6.9, and were corrected for background absorbance due to the buffer components. All transitions were reversible as indicated by hysteresis values of 1 % obtained at the end of the cooling cycle to that prior to heating.
CD spectra of 10 (iM solutions of IRE 30mers with the wild-type and G18A mutant sequences were obtained in 0.1 M potassium phosphate, pH = 6.9, with no Mg +2 . Spectra were collected on a JASCO J600 spectropolarimeter interfaced with an IBM PC computer. Samples were contained in a 1 -cm path length cylindrical cell surrounded by an external jacket of water for temperature control. The CD spectra for two samples of wild-type and G18 A mutant were monitored over a range of 200 nm to 320 nm and over temperature range of 10-80°C.
NMR methods
NMR spectra were obtained using a GE 500 MHz Omega Spectrometer interfaced with SUN 3/160 computer and GE 6.0 operating software. The temperature was controlled by a SUN 3/160 computer interfaced to the spectrometer and the variabletemperature control unit. Constant-flow cooling was provided by a Microsoft thermostat unit, and the temperature was monitored via a thermocouple implanted in the probe, imino proton spectra were obtained either by presaturation of the HDO signal for 2s prior to applying the 6 (is observation pulse or by using the '1-1 hard pulse' solvent suppression method (32). One-dimensional 'H spectra were collected in 16K data sets consisting of 1024 scans each. One-dimensional nuclear Overhauser effects (NOEs) (1D NOE) were measured using the decoupler for preirradiation and '1-1 hard pulse' sequence for HDO suppression. All of the NOE data were acquired at 10°C. The data were obtained in the interleaved on and off resonance preirradiation mode. Preirradiation times of 100, 200 and 600ms were used to monitor for possible spin-diffusion effects on the NOEs (and to achieve a steady state). The extent of decoupler power spillover was determined by preirradiating at variable offsets from the peak. Typically, 2048 scans were collected in 10%/90% D 2 0/H 2 0, and the difference free induction decays were processed using 4-Hz exponential line broadening. 2D NOES Y data were also acquired at 10°C, using a jump-return echo (JRE) pulse sequence for water suppression with excitation maximum set to the imino resonances (33) . Data were acquired on a Bruker 500 MHz spectrometer kindly made available by S. Brown at Glaxo, Inc. The spectrum contained 2048x256 complex data points with a sweep width of 12000 Hz, a mixing time of 250 ms, a recycle delay of 1.7 s, and 256 scans per slice. Spectra were processed with FELIX software (Biosym, Inc.) using exponential weighting function or shifted sine-bell function to resolve overlapped imino protons.
NOESY (34), DQF-COSY (35) and TOCSY (36) experiments
were recorded in 99.996% D 2 0 on a 500 MHz GE Omega spectrometer. Data sets with 1024 complex points in t 2 and 512 complex points in tj were acquired with 5000 Hz sweep widths in both dimensions and 128 scans per slice. Two NOESY spectra were acquired with mixing times of 120 ms and 200 ms and a recycle delay of 1.2 s. The TOCSY spectrum was recorded with a 75-ms MILEV spin lock pulse and a recycle delay of 1.5 s. The DQF-COSY was recorded with WALTZ decoupling of 31 P during acquisition and recycle of 1.6 s. The diagonal and cross peaks of DQFCOSY spectra were phased with antiphase absorption line shape in both dimensions. All spectra were processed with combination of exponential and sine-skewed function and zero-filled to 2Kx2K data points using GE Omega 6.0 software. 3I P spectra were acquired at 10°C with 5-mm inverse detection probe and standard parameters at 202.45 MHz frequency. 85% H3PO4 was used as the reference sample.
RESULTS
Verification of stem-loop structure
Information on higher order structure of the hairpin (HL) and internal loops (IL) of the IRE can only be obtained currently by NMR spectroscopy or chemical probing, since computer predictions of secondary structure show the HL and IL as single stranded regions. Reactivity of the HL and IL with nucleases and chemical probes indicated more complex structures (18) (19) (20) .
In order to evaluate the predicted secondary structure of IRE and to explore the structure in solution, in this study absorbance thermal denaturation, circular dichroism and NMR spectroscopy It is necessary to show that the IRE samples are monomers under the conditions of the experiment, since all RNA stem-loops have the potential to form palindromic dimers, where the nucleotide corresponding to the loop in a stem-loop structure could form an internal loop in the dimer structure. A stem-loop of the IRE, e.g. is extremely difficult to distinguish from a symmetric dimer on basis of NMR data alone, since almost identical sets of interproton distances would be present in either structure.' H-NMR and T m experiments at a variety of concentrations were examined to assess the presence of IRE dimers at high concentration. The similarity of the NMR spectra, over the concentration range 6 (iM to 800 (iM, and the linear relationship observed between l/T m vs log(RNA), over the concentration range 0.5 (iM to 5 U.M, indicate that the IRE was >90% monomeric over the range studied. The 3l P spectrum for the wild-type sequence also showed a pattern typical for a hairpinloop (Figure 2 ). In addition, the 3 ' P spectrum of the G18 A mutant IRE displayed features of a stem loop (Figure 2) . However, the more narrow dispersion of the spectrum for the G18A mutant compared to the wild type indicates some changes in the backbone caused by the HL mutation. CD spectra of both the wild-type and G18A mutant IREs were typical of RNA stemloops with maxima at 220 and 270 nm.
Studies of the IRE by Fe EDTA cleavage indicated differential accessibility of regions of the RNA to solvent (18) . In order to evaluate relative access to solvent of protons along the IRE wild-type sequence by NMR spectroscopy, the 1-D 'H spectra of exchangeable imino protons (Figure 2) were compared using either a 1-1 ('1-1 hard pulse") spin echo water suppression pulse sequence (33) (the excitation maximum was placed on the imino proton resonances) or presaturation of the water signal (pep) for 3 s prior to applying the 7.4 (is observation pulse. Of the sharp peaks in the 
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. Figure 3 . ' H interactions in the ferritin IRE analyzed by ID NOE and 2D NOESY. (A) 1D NOE spectra. The signal to noise ratio allowed detection in at least four independent measurements for each 1D NOE set. Spectra displayed correspond to peaks detected in 2D NOESY ( Figure 3B ) and isolated peaks; decoupler spillover assessment is described in Materials and Methods; (B) 2D NOESY of the wild-type IRE in 10 mM sodium phosphate buffer, pH 6.9, 0.1 mM EDTA, in H 2 O/D 2 O (90%/l0%). Contour plot of the imino proton-aromatic/amino proton region obtained from 2D NOESY (jump and return) experiment.
exchangeable proton region, one was eliminated and several were broadened, when data were collected with presaturation of H2O ( Figure 2) ; peak broadening or disappearance of peaks is attributable to exchange with solvent. The differential changes in imino protons in the IRE spectra observed with presaturation of the water peak indicates that the hydrogens corresponding to the broadest or absent resonances were relatively more accessible to solvent than those which were minimally affected in presaturation experiment; the position of the imino resonances also confirms that the IRE sequences have the base paired stems predicted. Differences in solvent accessibility of imino IRE protons in the region of base pairs, 10-15 p.p.m., indicate a folded structure and confirm the inside/outside IRE structure detected as differential sensitivity to cleavage by Fe-EDTA (18).
Imino and amino proton assignment
The downfield exchangeable proton spectrum of the wild-type IRE, shown in Figure 2 , (A) '1-1 hard pulse' and (B) (pep) presaturation of HDO, indicates base pairs which appear to be typical for the predicted secondary structure (Figure 1) . Signals of imino protons characteristic for G-C base pairs are typically in the region 12-13.5 p.p.m.. The signals of imino protons downfield of 13.5 p.p.m. are characteristic of A-U base pairs. Resonances upfield of 11.5 p.p.m. are most likely due to non-hydrogen bonded imino protons from uridine and guanosine residues; imino resonances below 11 p.p.m., corresponding to non-hydrogen bonded imino protons, have been observed in loop structures of DNA (37) and RNA (38) or exposed imino protons from guanosine residue in syn conformation (39) . Some of the resonances present in the 30mer spectrum were also in the 'H-NMR spectrum of a 16mer (hairpin loop and upper stem), but the peaks were broader, indicating the importance of the internal loop/lower stem in stabilizing the IRE structure. Imino protons were assigned using data from ID NOE and 2D NOESY in H2O. Figure 3 shows the exchangeable proton, imino region of the 1D NMR spectrum, the results of 1D-NOE difference experiment, and part of the map of 2D NOESY (jump and return) in 10%/90% D 2 0/H 2 O for the wild-type sequence of IRE. There are six A-U base pairs and four G-C base pairs predicted in the secondary structure of the IRE (Figure 1) . The strategy to assign exchangeable imino protons in wild-type IRE by NOE connectivities was to start from a known G-C base pair. When the imino regions of the NMR spectrum of three IRE sequences were compared [wild-type 16mer (upper stem and hairpin loop only), wild-type 30mer (upper and lower stem hairpin loop and internal loop) and G18A mutant 30mer], a peak at 12.6 p.p.m. in the G-C base pair region, was present in all three sequences. The 16mer has two potential G-C base pairs, G22-C11 in the stem and G18-C14 in the hairpin loop. The presence of a resonance at 12.6 p.p.m. in the spectrum of both G18A (Figures 2 and 4 ) and the 16mer, as well as the 30mer indicates that it is likely G22. Irradiation of the resonance at 12.6 p.p.m. in the wild-type 30mer of the IRE produced a medium intensity NOE to neighboring U residues (Figure 3 , Table 1 ) and a strong NOE to a guanine amino proton at 6.8 p.p.m.. The large number of NOEs (Figure 3 , Table 1 ) also suggest that the imino proton with a resonance at 12.6 p.p.m. is on a G-C base pair with a central position in the structure. The only G-C base pair in 30mer which could have a 1D NOE to A-U base pairs and be present in the 16mer is G22, supporting the assignment of the resonance at 12.6 p.p.m. to G22. Detailed analysis of ID NOE connectivities and 2D NOESY connectivities using the assignment of the 12.6 p.p.m. resonance to G22 allowed assignment of seven imino proton resonances to specific G residues and six predicted AU base pairs.
The signal at 13.35 p.p.m. could, based on previous results (38), belong to either a G-C or an AU base pair. However, inspection of the 2D NOESY (jump-return) in H 2 O (Figure 3B) shows the resonance to belong to a G-C base pair since there were strong NOE cross-peaks from cytosine 4NH 2 to guanine imino protons. In contrast, an AU base pair would have had a strong NOE from the U imino to the H2 proton of the paired adenine and a weaker NOE to the adenine 6NH 2 , which was observed for imino resonances downfield from 13.35 p.p.m.. The signal at 13.35 p.p.m. has been assigned to G27 based on NOE data used as follows. Upon irradiation, G27 had NOE connectivities to two Gs at 10.4 p.p.m. and 11.5 p.p.m. (Figure 3A , Table 1 ). The only G which could possibly have two G residues that close is G27 (Figure 1) . The signal at 11.5 p.p.m. has been assigned to G7, based on 1D NOE, because this resonance had no strong NOE to neighboring base pairs (Figure 3 A) . The signal at 12.74 p.p.m. has been assigned to G18 from a G-C base pair in the HL because this signal is undetectable in the spectrum of the IRE G18A mutation ( Figures 2 and 4) ; G18 is also inaccessible to RNAase Ti (18) and C14 to methylation (19) , supporting the conclusion of a G-C base pair in the HL. The signal at 10.4 p.p.m. has been assigned to G26 based on the pattern of ID NOE upon irradiation of signal 13.35 p.p.m. (G27), which gives a strong NOE to G7 (11.5 p.p.m.) and G22 (12.6 p.p.m.) and to the signal at 10.4 p.p.m.. The only remaining G^C base pair is at 12.84 p.p.m., which is assigned to G1-C30 (see Table 1 ).
2D NOESY correlations in H 2 O ( Figure 3B ) showed that for predicted base pair G26-U5 NOEs was not detected among three sets of imino resonances. The signature of a GU base pair is an imino proton crosspeak at least as strong as crosspeaks in the region of non-exchangeable protons (38) . In Figure 3B , crosspeaks can be clearly seen for protons in the non-exchangeable region but none for a G26-U5 base pair. The reactivity of G26 to transition metal complexes supports the conclusion of the absence of a typical G-U base pair at the junction of the stem/internal loop: 1,10-phenanthrolene-Cu readily cleaved G26 (19) and Fe-EDTA cleaved G26 more extensively than neighboring stem residues (18) , indicating that around G26, the backbone is at the surface of the folded structure. In addition, the imino resonance at 10.4 p.p.m. currently assigned to G26 is broadened in the pep experiment in 10% D 2 O at 10°C (Figure 2 ) and is significantly broadened between 30 and 40°C in the '1-1 hard pulse' experiment (Figure 4) . In contrast, G22 (12.6 p.p.m.) paired to Cll in the center of the upper stem is relatively inaccessible to cleavage by Fe-EDTA (18) and 1,10-phenanthrolene-Cu (19) , showed little perturbation after presaturation of H 2 O peak in the pep experiment (Figure 2 ) and is present in the '1-1 hard pulse' imino spectrum at temperatures above 60°C (Figure 4) . Sharpness of the peaks suggest that the internal loop region is highly structured. Table 1 . ID NOEs and current assignments of imino protons for the wild-type ferritin IRE a Assignment based on current information. 1D NOE data for exchangeable proton region are shown in Figure 3. •The signal to noise ratio allowed detection in at least four independent measurements for each 1D NOE set. When irradiated peaks were overlapping, the extent of decoupler power spillover was determined by preirradiating at variable offsets from peak. c Since the resonance at 12.6 p.p.m. is present in the wild-type 16mer (upper stem), 30mer wild type, and the G18A mutant, it is assigned to G22; only G22 is present in all three sequences and is the only G-C base pair in the 30mer with 1D NOEs to 2 AU base pairs.
Nonexchangeable protons
Partial analysis of the region of nonexchangeable protons in the 1 H NMR spectrum supported the assignments in Table 1 . For example, sequential base to H1' NOEs typical of A-form RNA were observed for the lower and upper stems, with an H8-H8 4 . The influence of a mutation in the hairpin loop of the ferritin IRE on the temperature stability of the RN A (n = 30). Compared are the imino regions of the NMR spectra of the wild-type and G18A-IRE sequences at 10, 20, 30 and 45 °C; spectra measured up to 70°C are included for the wild-type IRE. Melting curves were measured three to four times, using three independently prepared samples (wild type) and one sample of the mutant. Samples for measurement of melting behavior were in the same buffer used for the NMR spectra (10 mM sodium phosphate, pH 6.9,0.1 mM EDTA). The melting curves were the same over a 1 OOx concentration range. (A) Wild-type IRE; (B) G18A Hairpin loop mutant IRE; (C) Melting curves. Note for the GI8A mutant a 10°C decrease in the T m (from 52° to 42°C), and the absence of a second transition at high temperatures (ca. 73°C), when A is substituted for G in the hairpin loop at position 18.
NOE placing the position of an A stacked above G27 and an A stacked above G22. However, analysis of the non-exchangeable proton of the 'H-NMR spectrum provided little additional information about assignments in the internal loop and lower stem because of overlapping NOEs. Similar ambiguities and broad natural line widths occurred for resonances in the hairpin hexaloop. Complete assignment will require analysis, in the future, with samples enriched in 15 N and '^C.
Effect of mutation on temperature stability of IRE and the role of hairpin loop 'H-NMR spectra can be studied to assess conformational stability of the hairpin loop, even before the complete structure can be determined. The dramatic effect on the hairpin loop stability of the IRE was shown by measuring the *H spectrum in water at temperatures from 10 to 75 °C (Figure 4) . One heat stable substructure persisted up to 70°C in the wild-type IRE but was absent in the G18A mutant IRE (Figure 4) . The presence of a heat stable subdomain in the wild-type IRE was also indicated by a secondary hyperchromic transition (T m =73 °; Figure 4C ), although the major hyperchromic transition was at 52 °C. The most heat stable signals are currently assigned to G22 in the upper stem (12.6 p.p.m.) and to G7 in the internal loop (11.5 p.p.m.).
In contrast to the wild-type IRE, the NMR spectrum of the G18A mutant IRE collapsed at 45 °C, although the resonances at 12.61 p.p.m. and 11.5 p.p.m. were present at lower temperatures. The major hyperchromic transition of the G18A mutant IRE was monophasic, in contrast to the wild-type IRE, as well as being 10°C lower (t m =42°C; Figure 4C ). Note that at the temperatures typically used to measure protein synthesis and IRP binding (18, 20, 21) , the structure of the G18A mutant IRE is altered based on the ' H NMR spectrum and the T m (Figure 4) . Changes in the IRE structure caused by the HL mutation (G18 A) that were indicated by 'H NMR and UV-vis spectrometry were extended by comparing the 31 P spectrum of the wild-type and mutant IRE (Figure 2 ). The 3I P spectrum of the G18A mutant is typical of an RNA hairpin loop. The larger dispersion of the 3 ' P spectrum of the wild-type IRE suggests folding of the stem backbone in the hairpin loop structure.
DISCUSSION
Comparison of the ' H (imino region) NMR spectra, the 3 ' P NMR spectra, and the temperature stability of the two IRE oligoribonucleotides, wild-type and the G18A mutation, (Figures 1-4) showed the importance of G18 in the hairpin hexaloop for stabilizing the native IRE structure. The loss of IRP binding and negative regulation in ferritin mRNA with G18A mutation (18, 20, 21) emphasizes the functional importance of the structure of the hairpin loop.
Folding of the IRE secondary structure, suggested by the 'H-imino spectrum (Figures 2-4) , 31 P-NMR spectrum ( Figure  2) , and previously by differential sensitivity along the structure to Fe-EDTA cleavage (18) , was associated with high temperature stability (Figure 4A) , and subdomains with different melting behavior ( Figure 4B , C). For example, the ' H imino resonance at 11.5 p.p.m. and 12.6 p.p.m., involving the internal loop G7 and the upper stem G22 were observable at 70 °C (Figure 4 ) and appear to be related to the minor perturbation in the plot of A260nm vs T at 73°C; the major hyperchromic transition (T m ) occurred at 52°C (Figure 4 ). Such data suggest that distinctive structure in the IL and upper stem of the wild-type IRE structure is stabilized by interactions which are relatively independent of the majority of stacked base pairs. However, the heat stable subdomain appears to depend in part on interactions involving the hairpin loop, since the heat stable environment was lost by mutation in the HL. Thus, the resonances, 12.6 p.p.m. (G22) and 11.5 p.p.m. (G7), which could be detected at 70°C in the wild-type IRE disappeared at <45°C in the G18A IRE (Figure 4B) .
A G-C base pair across the hairpin hexaloop of the native IRE between G18 and C14 is indicated by the absence of RNAse T] cutting at G18 (in contrast to G16) (18) , the absence of methylation of C14 (in contrast to A15) (19) , as well as absence of an imino resonance in the region typical of G paired to C, in the 'H-NMR spectrum of the IRE with G18A (Figures 2 and 4) . Altered structure in the hairpin loop of IRE-G18A is also indicated by methylation of A18 (19) and cleavage of G16, U17, and A18 by 1,10-phenanthroline-Cu (19) . Base pairs or stacked bases in RNA hairpin loops are known in the hepta-and octa-hairpin loops of t-RNA (10), the tetra-hairpin loops in r-RNA (12) (13) (14) (15) , and model RNA hairpin loops (40, 41) . In fact the decrease of the IRE T m from 52 to 42°C with G18A mutation is comparable to changes in T m for model hairpin loops with a G-C pair across the loop when I is substituted for G. However, the sequence dependance of hairpin loop structure (40) (41) (42) (43) (44) , the high phylogenetic conservation of IREs (16, 17) , and the dependence of the heat stable subdomain on the HL sequence (Figure 4) , suggests that the ferritin IRE structure involves the interactions of the CAGUGU/C sequence in the HL with the stem and internal loop and may be distinctive among known hairpin loops. The importance of G at position 18 in the IRE is emphasized by a recently published study of randomly mutated RNA stem/hexaloops which bind the IRP (45) . Among the 26 binding RNAs selected with single base substitutions in the HL, all had G at position 18 (45) ; only when two or more loop substitutions occurred was G18A observed in the binding pool of randomly mutated IREs. G18A substitutions which bound the IRP only occurred in double substitutions where C14U also occurred, which allows prediction of a potential A-U pair across the hairpin loop. However, only RNAs with the native C14-G18 HL base pair could bind both known IRPs, whereas the U14-A18 RNAs could only bind IRP-1 (45) . Thus, a G-C base pair in the hairpin loop of the IRE seems to be associated with the widest range of interactions with IRPs and appears to have a specific effect on structure. Another deviation of the ferritin IRE from the predicted secondary structure (Figure 1) , in addition to a G-C base pair in the HL, is the apparent absence of a base pair between G26-U5 at the junction of the lower stem internal loop. Absence of the characteristic G-U crosspeak in the 2D NOESY in H2O ( Figure  3 ) and strong cleavage of G26 by 1,10-phenanthrolene-Cu (18) and Fe-EDTA (19) all indicate an open or distorted secondary structure at the IL/stem junction.
Distinctive structural and functional properties of the folded IRE hairpin which depend on G18 in the hairpin loop, are manifested by the temperature stability of imino protons in IRE (Figure 4 ), long-range interactions indicated by the NOEs connectivities (Table 1, Figure 3) , the large fraction of imino protons which are relatively inaccessible to solvent (Figure 2) , binding of the IRP (18) , and negative translational control (20, 21) . The decreased temperature stability of the mutant structure likely explains the absence of IRP binding and negative translational control (20, 21) , since much of the structure appears to be disrupted (Figure 4) in the mutant at temperatures where protein synthesis and IRP binding have been measured. A working model which fits the data from both NMR spectroscopy (Figures 1-4) and probing with transition metal complexes (18) (19) (20) 46 ) is a folded hairpin stabilized by interactions between residues in the hairpin hexaloop and residues in the region of the four nucleotide internal loop and the stem ( Figure 5 ). The TAR element in HIV RNA, which controls transcription, is also a hairpin hexaloop with an internal loop (7) (8) (9) . However, the interaction of TAR with Tat, the transcription regulatory protein, excludes the hairpin hexaloop and depends more on the internal loop and stem (7) (8) (9) . In contrast to TAT, the specificity and the stability of the folded ferritin IRE structure, required for the recognition between the mRNA and the IRP regulator protein, involves the entire IRE structure (hairpin hexaloop, internal loop, and stems) (18) and depends, in part at least, on the G in the fifth position of the hairpin hexaloop.
